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ABSTRACT
Engenes, Svein Olaf. MS.ME, Purdue University, August I969.
A Study of Pavement Strains, and Deflections Produced by Dynamic Tire
Forces . Major Professor: Dr. Bayard E. Quinn.
Irregularities in the hignway profile cause extra forces and
stresses in the pavement due to the induced vibratory motion of the ve-
hicle.
The load exerted on a highway by a vehicle consists of a constant
static load and a fluctuating dynamic load. The measurement of the
static weight of a vehicle creates no problems. The dynamic load which
is dependent on highway conditions, vehicle characteristics and vehicle
operating conditions is more difficult to determine.
A quarter vehicle simulation was used in order to analyze these
factors theoretically . The results of this investigation indicated the
conditions under which nigh dynamic tire forces could be expected.
In order to examine experimentally the effect of dynamical tire
force on pavement deflections and pavement strain, an experimental pave-
ment model was formulated. The major design criterion for the model was
the simulation of the deflection curve of the pavement surface. Under
identical loading conditions, the pavement model and the actual highway
should have the same deflection curves.
A simple analysis proved the feasibility of sucn a model and it was
therefore built and tested.
The significance of such factors as vehicle velocity, tire pressure,
VI
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and road roughness on pavement strain were then investigated.
CHAPTER 1
INTRODUCTION
A knowledge of the forces which are induced on a highway by a moving
vehicle may be of considerable importance in the design and maintenance
of highways. These pavements are stressed by vertical and horizontal
forces which are transmitted by the wheels of the moving vehicle. These
forces may be important causes of road damage.
Vertical loads may be considered to consist of essentially two com-
ponents with respect to each wheel. When the vehicle is sitting motion-
less on a level pavement, the forces which interact between the vehicle
and the pavement are due only to the static weight of the vehicle.
When the vehicle is moving at normal operating speed, irregularities
in the highway profile will induce vibrations in the sprung and unsprung
masses of the vehicle, and these motions will cause a fluctuating dynamic
load to be superimposed on the static weight of the vehicle. These ver-
tical forces are called dynamic tire forces (or just dynamic forces) and
they are defined with respect to the static force. An illustration of
the relationship between static and dynamic forces is shown in Figure 1.1.
It should be noted that the total vertical force exerted on the pavement
is the sum of the static and the dynamic tire forces.
Forces which are largely horizontal in direction may be generated
by acceleration or braking of the vehicle, steering action of the driver

and wind loads on the vehicle. These forces are not of great concern in
this study.
Several factors are influencing the dynamic tire force. Of most
concern is the road and its condition. When a vehicle is travelling on
a relatively .smooth pavement hardly any motion is induced to the vehicle
body. However, when the car is moving along on a rough road, pitching and
tilting motions are introduced to the vehicle body. These dynamic effects
will cause inertia forces which may increase the total wheel loads con-
siderably. Experimental tests have proved this. Tire pressure measure-
ments made by Wilson (10) indicate that tire forces are higher on rougher
roads
.
This has been the subject of considerable study. An experienced
driver knows that dips and waves in the highway profile, which may not
be noticeable at slow speeds, may become hazardous at high velocities.
However, does this mean that the tire force will increase with increasing
speed? An investigation in which a test vehicle was operated over the
same length of pavement at different velocities and for which the tire
force measurements were recorded, indicated increased tire forces from
increased operating speed (10) . The resulting RMS value of the tire
force from this study is shown in Figure 1.2.
Unfortunately, the tire force is influenced by other factors than
pavement roughness and vehicle velocity. The suspension characteristics
of the vehicle are significant as well as the tire inflation pressure.
It has been shown that when a vehicle is operated over the same length
of road at the same velocity (10), different tire forces will be present





















FIG. 1.2 ROOT MEAN SQUARE VALUE OF DYNAMIC TIRE FORCE
VERSUS VEHICLE VELOCITY
shown in Figure 1.3.
In many areas weather conditions may be of significance to the tire
force. Ice and snow covering the pavement surface may induce vehicle
motions which will result in larger tire forces. Under such conditions
a smooth road may experience relative large tire forces.
Evidently, if a comprehensive study is to be made of the dynamic






Conversely, if only the effect of pavement condition on tire force
is to be studied, then tests must be made with the same vehicle at the
same speed and under the same operating condition over different pavement
sections.
In studying the presence of dynamic tire forces on a pavement, both
experimental and theoretical approaches exist.
Of the experimental approaches, two methods can be easily used. The
first one involves the use of the pressure transducer previously mentioned
(10) . The second method is utilized by measuring the inertia force and
the shear force on one of the vehicle wheels and the corresponding axle
housing. Both methods have proved to give reliable results.
In order to theoretically predict the tire force two other methods
are most commonly used.
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FIG. 1.3 DYNAMIC TIRE FORCE VS TIRE INFLATION PRESSURE
analysis (6) is obtained that gives the presence of power in different
wave bands. If these values are multiplied by the square of the vehicle
characteristic transfer function (tire force divided by the input dis-
placement to the wheel), the force power spectrum of the dynamic tire
force can be obtained. The square root of the area under the force power
spectrum curve is the IMS value of the dynamic tire force for a specific
vehicle on a specific road. Engja (ik) designed an instrument by which
the highway power spectrum could be obtained directly.
Another method permits the prediction of the tire force in the time
domain. The highway elevation is given as an input to the vehicle char-
acteristics in the time domain. The output force is obtained by the use
of an analog computer. In this procedure it is easier to deal with sy-
stem nonlinearities if sufficient computer capacity is available.
In this theoretical study a simple simulation of a quarter vehicle
was made (Chapter 2). The input to the tire was chosen to be a displaced
cosine curve that represented the pavement profile. This was used since
the major object of the study was to investigate the influence of factors
such as vehicle velocity and tire pressure on the maximum tire force.
The reason for this type of study was to detect theoretically the condi-
tions under which high tire forces could be expected.
Many approaches have been used to find the actual deflection of the
pavement under the tire force. Tests have indicated that relative high
tire forces on the highway may create small deflections in the pavement
layers
.
However, although only small deformations may occur in the pavement,
especially at moderate distances from the point of application of a dy-
namic force, this force may not be insignificant as far as damage to the
8
highway is concerned. High forces may result in high contact stresses,
and rapid surface deterioration may occur even though the interior struc-
ture of the pavement may not be adversely affected by such forces. There-
fore it is evident that the relationship between dynamic tire force and
highway response is an important area of study.
To conduct this study a simulated section of highway, easy to build
and easy to examine analytically, was built. The design criterion for
this pavement model was the surface deflection curve. This deflection
curve should be identical for the model and the actual pavement. A model
consisting of a steel beam resting on an elastic foundation was found to
fulfill this criterion.
When such a tool was obtained simple tests which otherwise would re-
quire a considerable amount of effort, could easily be performed. Sur-
face strain in the pavement model could be detected from strain gages.
Different types of highways could be analoged by changing the parameters
of the model. Thus the significance of such factors as vehicle velocity,
pavement roughness, and tire pressure on the strain in the highway sur-
face could be examined.
Originally it was intended to use a truck as the test vehicle and to
simultaneously obtain measurements of the truck tire force and the cor-
responding pavement strain. The tire force measuring system would con-
sist of strain gages bonded to the truck's axle housing and accelerometers
mounted on the wheel. These elements would respectively pick up the axle
housing shear force and the inertia force of the wheel. This method was
tested on a Chevrolet Biscayne and the results were good. Unfortunately,
at that time, no truck was readily available. Hence the intended tests
could not be conducted.
However, in view of the extensive work already done in measuring
tire force by the tire pressure measurement approach, and the reliable
results that already have been obtained by this method, it was felt that
more emphasis should be put on the development of the simulated pavement
model and the study of the strains and deflections in this model.
Some unexpected problems were encountered in the development of the
pavement model and the development was more time consuming than anti-
cipated.
As a result, simultaneous readings of the tire force and pavement
strain were not made as originally planned.
However, this could not be considered as a serious loss in this in-
vestigation. Due to previous experience in measuring tire forces, an
approximate idea of what forces would have been experienced was avail-
able. Tests made under similar circumstances on another research pro-
ject (10) permitted the prediction of the approximate magnitudes which
should be present in the type of tests that were planned.
Of considerable interest was the finding, early in this study, that
different values of pavement strain can exist for nearly the same tire
force, depending on the vehicle and pavement characteristics. This ob-
servation resulted in a large amount of research effort being directed
toward a study of the factors that are significant in such a situation.
This together with the fact that the final location of the pavement
model did not permit vehicle speeds high enough to generate large dynamic
forces, was the basis for the decision to omit simultaneous, measurements
of tire force and pavement strain.
10
However, the final pavement model permitted tests which added con-
fidence to tire force measurements already obtained.
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CHAPTER 2
THEORETICAL PROCEDURES FOR PREDICTING TIRE FORCES
AND PAVEMENT STRAIN
The Simulated Hignway
The determination of strains in the pavement just underneath the
tire is at the present time accomplished by using influence charts. This
method gives a good indication of the deflections and the total strain
present. However, if the strain distribution at a distance from the
point of load application is desired, the task is more difficult because
no good method has as yet been developed. The complexity of a highway
and the fact that individual pavements have different properties, makes
it difficult to set up general mathematical equations for strains and
deflections. Tne many different layers in the pavement and the inter-
action between these layers are the factors which cause the problem.
However, experimental measurements of strain and deflection can be
obtained. Strain gages, mounted directly on or in the pavement, give a
good indication of the strains present. The deflections can be found
by using linear, variable, differential, transformer gage installations, and
a Benkelman beam. This has up to now proved to be one of the better
methods for finding strains and deflections in the pavement.
However, these tests are inconvenient and require considerable time
and effort. They also only give the characteristics of the specific
highway where the experiment is conducted. In other words,
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if another road is to be investigated, the whole set-up has to be moved
to the new location and tne tests have to be repeated.
For obvious reasons it would be of great interest if a simple high-
way model could be developed mathematically in which computed strains
and deflections would be similar to those in an actual pavement. In
order to pursue this any further a general knowledge of the design of
different types of pavements is important.
In general, pavements can be divided into two categories (2). These
are shown in P'igure 2.1. A flexible pavement consists of a relatively
thin wearing surface built over a base course and a sub-base course which
rest on the compacted subgrade. Tne thickness of such a pavement includes
all the components above the subgrade, and tnese are considered to be the
structural components of the pavement.
In contrast, a rigid pavement is made up of Portland cement concrete.
It may or may not have a base course between the pavement and the sub-
grade. The concrete exclusively is referred to as the pavement.
The essential difference between the two types of pavement is the
manner in which tney distribute the load over the suograde. The rigid
pavement tends to distribute the load over a wide area of soil. Thus a
major portion of the structural capacity is supplied by the slab itself.
The load-carrying capacity of the flexible pavement is brought about
by the load-distributing characteristics of the layered system. In these
pavements the highest quality material is at the surface. The strength
is a result of building up thick layers and thereby distributing the load
over the subgrade rather than through the bending action of a slab as in



















FIG. 2.1a COMPONENTS OF A FLEXIBLE PAVEMENT
PORTLAND- CEMENT CONCRETE
[_
BASE COURSE MAY OR |mAY NOT BE USED—
I
SUB {GRADE
FIG. 2.1b COMPONENTS OF A RIGID PAVEMENT
]A
From this brief survey it may be concluded that no simple model
could represent the two types of pavements
.
In order to achieve its purposes, a model should fulfill one of two
following conditions. It snould have either the same deflection char-
acteristics as an actual pavement, or it snould have the same strain dis-
tribution. Strain data obtained by a study group at California Division
of Highways (3), are shown in Figure 2.2. The test was performed on an
AC (asphalt cement) surfaced road by a 12,000-lb single axle load flo-
tation tire. The solid line represents longitudinal strain measurements
at the bottom of the asphalt surfacing. The dotted line represents the
strain at the top of tne surfacing. Since the strain gages would be
destroyed if the tire travelled directly over them, data are not avail-
able at the surface directly under the tire.
In order to reproduce in a model the strain curves similar to those
in Figure 2.2, the model must have an elastic foundation. The reversal
of strain from positive to negative that is experienced in most pavements,
is the base for this conclusion.
If an exact mathematical formulation of a pavement system is de-
sired, the resulting model is quite complicated. Of great complexity
are the dynamical effects which will be present in the uppermost layers
of the model. These vertical motions are caused by the vibratory be-
haviour of the exciting vehicle.
A relatively simple model can be devised consisting of a steel plate
resting on an elastic foundation. The foundation can simply be rubber
plates or felt. The mathematical equations representing the strain in































FIG. 2.2 LONGITUDINAL STRAIN IN AN AC PAVEMENT
lb
(the overshoot).
In designing a simple model, a study of the size of the steel plate
was made. If the plate was given the same dimensions area-wise as an
actual concrete slab in a rigid pavement, it could be assumed to be an
infinite plate. This would simplify the mathematics, but the loading
would be more complicated. If the plate was made smaller, the boundary
conditions would be a problem. However, if the steel plate was made
small enough to be considered as an infinitely long beam, the mathe-
matical analysis would be greatly simplified. Such a model has a form
far different from that of an actual pavement, but for the purposes of
this study which are to investigate surface strains at different vehicle
velocities and vehicle tire pressures, such a model can be justified.
The transverse strains will of course be different (equal to zero).
The longitudinal strains will be of higher magnitudes, but they should
take the same general form as if the model had been a plate. Thus simply
by increasing or decreasing the stiffness of the elastic foundation,
longitudinal strain curves similar to those found in actual pavements
can be realized.
The problem caused by dynamical effects within the model itself can
now be neglected. The mass of the plate will be drastically reduced,
and the forces created will, in comparison to those of the vehicle, be
negligible. In addition to the fact that this model can easily be de-
scribed mathematically, it has other advantages. It can cheaply be built
and experimentally tested. (This will be discussed in Chapter 3). By
having a relatively thick and stiff beam resting on a soft foundation,
the model can represent a rigid highway. One would then get the long
17
damped sinusoidal waveform experienced in this type of pavement. On the
contrary, if the steel plate is made thinner and more flexible and at the
same time the stiffness of the foundation is increased, the strain picture
would approximate that of a flexible pavement
.
In formulating the deflection curve of a pavement model consisting
of a steel beam on an elastic foundation, the following differential
equation can be used: (U)
ei H = * {2 - i}
dx
where
E = Modulus of elasticity of the beam
I = Moment of inertia of the beam around its transverse axis
z
Y = Vertical deflection
x = Longitudinal distance in the direction of vehicle travel
q = Intensity of load acting on the beam
For an unloaded portion, the only force on the beam is the continuously
distributed reaction from the foundation. This has the intensity kY.
Hence
q = - kY {2.2}
where
k = Modulus of the foundation
Thus:
EI









(Acos 6x + Bsin gx) + e~
6x
(Ccos Bx + Dsin fix) {2.k}
This can easily be verified by substituting the values from eqn. {2.U}
into eqn. {2.3). The constants of integration A, B, C and D must be
determined from known conditions at certain locations.
For simplicity, consider the case of a concentrated load P, acting
on the midpoint of the beam. Using the conditions:
Y = Q at x = i»
at x =
dx










V = Shear force
M = Bending moment










(cos 3x sin 6x) {2.6}
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In order to obtain an expression for the longitudinal strain at





C = One half the thickness of the plate
e Strain
and






= - -|g- e'
6x
(sin Bx - cos Bx) " {2.9>
Thus,
E - - jj7j|j— e"6x (sin Bx - cos Bx) {2.10}
In the practical situation; the load exerted by a wheel of a vehicle
on the beam can hardly be approximated as a point load. The print of the
tread of the tire usually takes an elliptical form. However, it is sat-
isfactory to consider this print to be a rectangular one having the load
uniformly distributed over a length L (See Figure 2.3a). The procedure
for determining the deflection at any point A on the beam will now be
developed.
If the load produced by an element dx is substituted for P in eqn.
{2.6} one will obtain the following:
dY = |












(cos 6x + sin Bx) . {2.12}
The deflection produced at A by the loading distributed over the length
L, if A is inside the loaded region (Figure 2.3a) then becomes:
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* = -jjj- (2 - e"
8b
cos 8b - e"
6c
cos 6c) {2.1U}
If the test point A is outside the loaded region (Figure 2.3b) the de-
flection becomes
Y = -g^— (e"6c cos 6c - e~8b cos 6b) {2.15>
By using equations 2.7, 2.8, and 2.12 the strain at point A can be





















By using equations 2.l6 and 2.17 the longitudinal strain in the simulated
pavement at either the top or bottom surface of the plate can be easily
calculated and compared to any experimentally obtained results.
Moreover, by using this model it is also possible to estimate the
strain in the pavement at any selected distance from the wheel. The mag-
nitude and location of strain reversals such as those shown in Figure 2.2
o2
can therefore be computed.
Highway Power Spectrum
In order to properly predict the expected strain in the formulated
model, the tire forces created by the vehicle must be known. Several
types of procedures have been developed to achieve this. By using a
pressure transducer (10) one will be able to obtain a time record of the
force directly. However, in some cases the nature of the highway is such
that the description of the road lends itself to statistical procedures.
The power spectral density analysis of the dynamic force under the wheel
is one characterization which has been found to be useful in investiga-
tions of highway roughness problems. The root-mean-square value of the
tire force fluctuations about the static load is the part of the dynamic
force which may provide useful information.
The power spectral density analysis has been applied previously to
this type of operation (5, 6) however, a brief explanation of the nature
of this analysis will be given to clarify the procedure. An essential
step in the analysis is to characterize the highway in the form of a
power spectral density analysis of the highway profile. The vehicle can
be described as an equivalent linear system in the frequency domain. Now












= power spectrum of the dynamic force as a
function of frequency in cycles per second
PR (f)
= power spectrum of the deviations of the highway
profile elevations as a function of frequency in
cycles per second
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F/X (f) = steady-state sinusoidal relationship between
F/X and frequency in cycles per second (vehicle
characteristics) where:
F = force in lbf (tire force)
X = input displacement in inches to the tire
The first essential step in computing the input power spectrum,- i. in
this case the highway elevation power spectrum) is to determine the auto-











h(t) h(t t) dt {2.19}
h(t) = hignway elevation measurement at station t
h(t+l) = highway elevation measurement at distance from
station t
T = total length of nighway profile being analyzed
C(t) = autocovariance function of h(t) in feet squared
T = lag value in feet
The autocovariance function indicates whether or not a highway profile
can be considered as a random function. A weii-oehaved autocovariance
function will approach zero as the lag values are increased. The power
spectrum, which is one method to characterize a random function, is the
Fourier transform of the autocovariance function. It is possible to ob-
tain a power spectrum of highway elevation measurement if the auto-
covariance function is well-behaved. The relationship for the power










( W ) = power spectrum of the deviations of the highway
elevation measurements in feet squared per cycle
per foot
C(t) = autocovariance function of h(t) in feet squared




T = lag value
The power spectral density function indicates how the total variance
of a random function is distributed over the frequency domain. It des-
cribes the highway profile in terms of existing wave lengths and can be
used to obtain the mean-squared-value of the profile deviations. Further,
it shows the contribution to the mean-squared-value that is made by the
various ranges of wave lengths.
The power spectrum can be used along with a suitable vehicle char-
acteristic and vehicle velocity to predict the dynamic force which a ve-
hicle will exert on a highway. The power spectral density analysis of
highway elevation measurements will not contain the dimension time, since
a highway is a geometric quantity. The selection of vehicle velocity is
necessary in order to relate the wave lengths in the highway to the vi-
brational frequencies of the vehicle. Briefly the procedure for making
an analysis is as follows:
(1) Highway elevation profile measurements are made along the
highway at one-foot intervals for a sufficient distance in
the outer wheel path.
(2) Deviations from selected base lines are obtained and the power
spectrum analysis is made using these deviations.
As previously mentioned, if the vehicle velocity is used as a scaling
factor, the power spectrum of the highway can be converted to the
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frequency domain. The ordinate will then be changed from feet squared per
cycle per foot to feet squared per cycle per second, and the abscissa
from cycles per foot to cycles per second, since the following relation-
ship exists:


















f = time-based cyclic frequency
f , = distance-based cyclic frequency
P (f) = time-based power spectral density
P
H
(w) = distance-based power spectral density
v = velocity of the vehicle
In order to use the highway elevation power spectrum to compute a
tire force power spectrum, the vehicle characteristics in the frequency
domain are needed. It is customary in obtaining a frequency description
for the vehicle to select two variables. These two variables are usually
defined as input and output. The input for a vehicle suspension system
can therefore be considered to be the vertical displacement of the tire
tread and is represented by X. Since the highway profile gives rise to
the dynamic force, it is reasonable to select the force of the tire
against the highway as the output. The transfer function (F/X vs fre-
quency) for any vehicle is best obtained experimentally. This is due to
the fact that most of the elements in the suspension systems of cars are
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nonlinear. However, once the transfer function is obtained, the force
PSD function can readily be computed by using equation {2.18} . As may
well be expected, this function represents only the "power" experienced
by one specific vehicle on one specific highway. In other words, if
another car or another pavement had been tested the result would have
been different.
A plot of a typical force PSD function is shown in Figure 2.U. The
mean-square value of the dynamic force, equal to the area under the force
power spectral density curve, is obtained by integration. The RMS (root-
mean-square) value of the dynamic force, can be obtained easily from the
mean-square value. The RMS value of the dynamic force represents a num-
ber that gives a convenient quantitative measure of the "spread about the
mean". Since the theory of the PSD analysis is based on the assumption that
the highway can be considered to be random, and since the number of eleva-
tion measurements is large, it can be assumed that the force at any in-
stant is a random variable. If a normal distribution is assumed then the










p(P, u, o ) - probability density value for the force P given a
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FIG. 2.4 FORCE POWER SPECTRA
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Figure 2.5. The area under this curve is always equal to unity. It has
been shown (9, 10, 5) that the dynamic tire force and hence the variance,
increases as
:
(a) the vehicle velocity increases
(b) the road gets rougher
(c) tne tire pressure increases
On Figure 2. 5 tnis means that the curve will be flattened out, due to the
fact that the root-mean-square value will increase. This means that the
probability of encountering larger tire forces will also increase.
When the tire force probability density curve is established, a
corresponding characteristic for strain can be calculated. By examining
equation 2.10, one will observe tnat the strain just underneath the tire











For some materials such as concrete, the relationship between the
stress level and the number of cycles tnat tnis stress can be applied
until failure occurs (S-W curve) is known. It is therefore possible to
determine the pavement stress levels at which early failure may be ex-
pected, and to estimate the probability of such failure if the stress






DYNAMIC TIRE FORCE - LBS.
FIG. 2.5 TIRE FORCE PROBABILITY DENSITY CURVE
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Further effort is needed to develop this procedure. This research
project was directed toward the problem of determining pavement strain
(hence stress) experienced under various conditions of vehicle operation.
Prediction of Tire Forces From a Simulated Vehicle
An automobile can be modeled in many ways. In this specific test,
it is assumed that all four wheels have the same type of motion and that
the car is moving straight forward on an even surface. Yaw action of the
wheels and pitching motion of the body about its center of gravity are
neglected. A typical schematic representation of the suspension system
of a car is shown in Figure 2.6. If the assumption is made that all the
coil springs, dashpots, tire spring rates, and tire damping rates have
the same respective values, the car can be further simplified to a so
called quarter-vehicle rodel (Figure 2.7). In establishing the mathe-
matical model or equations of motion for this system, assumptions were
made as follows
:
1. The springs and tires have linear spring rates
2. The damping in the shock absorbers is considered to be
viscous and linear.
3- The tire has point contact with the supporting surface.
The decision to consider all of the elements in the model to be
linear was made to simplify the mathematics. This has been proved to be
a valid assumption for the purposes of this investigation. In making
the third assumption an error is introduced. It has been shown that the
computed loads on the pavement are consistently too high if tire en-
veloping effects are ignored (ll). However, a method to simulate tire




FIG. 2.6 SCHEMATIC REPRESENTATION OF THE SUSPENSION

















experimental- evidence has oeen developed. (12) Vertical forces produced
by a slowly moving vehicle over a one-inch wide cleat will take a wave-
form as shown in Figure 2. da. A relative linear relationship between
force and the heignt of the cleat exists. Hence the road profile can be
thought of as a series of cleats of different amplitudes. '.Figure 2.8b)
Thus, in order to properly take the -tire effects into consideration, a more
representative model would be as shown in Figure 2.9. Unfortunately, lack
of time and equipment prevented the use of this idea. However, since the
purpose of this study is to determine the effect of tire pressure and ve-
hicle velocity on tire forces, the model illustrated in Figure 2.7 will
give useful information.
The equations of motion describing the behavior of this model are as
follows
:









+ v - c iAo - cA {2 - 22}
m = unsprung mass of the quarter vehicle
m = Sprung mass of the quarter vehicle
k^ = Tire spring rate
k
?
= Coil spring rate
c = Tire damping coefficient




















FIG. 2.8b ROAD PROFILE APPROXIMATED 3Y SERIES
























n = The indexes 1, 2, or












F_ = Tire force
Stat = The static weight of the quarter vehicle
The input to the system is chosen to be of tne form shown in Figure
2.10. The equation describing this input is as follows:
X = 8(1 - cos y) {2.2M
This can be written as
X = S
o
COS I :— 2 TT) (2.o)
In order to get a good estimate of the types of irregularities that
can be encountered in a highway, values of bump length and bump height
from from an actual highway elevation survey were chosen.
The differential equations 2.21 and 2.22 were solved on a digital
computer. Figure 2.11 shows the effect of vehicle velocity on the tire
force. It should be kept in mind that these forces are high since the
tire enveloping effects are neglected. For every different velocity, the
maximum tire force is plotted.
It was also possible to study the effect of various tire inflation
pressures on the resulting tire force. This was possible because the re-
lationships between tire stiffness k and the tire damping ratio were







v = VEHICLE VELOCITY
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FIG. 2.12 MAXIMUM TIRE FORCE EXPERIENCED BY A VEHICLE FOR
DIFFERENT TIRE PRESSURES AND FOR AN IMPULSE TYPE
OF INPUT TO THE TIRE
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tire pressure changes the force. Here too, the force's are higher than
what the pavement actually experiences. In this test the velocity was
kept constant.
The results obtained were used as a criterion for actual vehicle
tests on the simulated pavement, described earlier in this chapter.
Ml
CHAPTER III
EXPERIMENTAL PROCEDURE TO STULY THE EFFECT OF
DYNAMICAL TIRE FORCE
In order to check the validity of the proposed simulated pavement
-del consisting of a steel Lea. resting on an elastic foundation, it was
desirable to have it built and tested. As discussed previously in
Chapter II, the major design criterion for this model was the simulation
of the deflection curve of the pavement surface. The most significant
parameter controlling this effect is the overall pavement foundation
stiffness. This factor, which many authors call the modulus of the foun-
dation, varies from 100 psi/i n to over 5 00 psi/in depending upon the type
of road that is considered.
When the first model was built, no attempt was made to simulate a
specific pavement. Average values of stiffness were used to determine
whether or not an acceptable deflection curve could be obtained. One
inch thick rubber pads, 20 inches long, and 13 inches wide, were used as
the elastic pavement foundation. Figure 3.1 shows how the modulus of the
foundation varies with the number of pads used. Since the rubber was of
high quality, it was assumed that:
1. No slippage would occur between two layers of rubber.
2. The material was homogeneous.
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beam that would be placed on these pads. The following considerations
were involved:
1. If the beam was too thick., very small deflections and strains
would be present.
2. If on the other hand, the beam was too thin, permanent deformation
might occur when the car passed over it.
3. The beam must be wider than the car tire so that it would be easy
to drive along at high velocities.
To satisfy these conditions, a steel section one eighth incn thick,
a hundred inches long, and seventeen inches wide was chosen to represent
the beam. As will soon be seen, this represented a reasonable choice.
An advantage of being able to simulate a pavement with a steel plate
is the fact that strain gage measurements can easily be made since SR-U
gages mounted on the plate will read the surface strain directly. When
the gages are mounted in the proper manner, they will pick up
longitudinal
strain only. This strain should be the same for a plate and a beam
if
the cross sectional rigidities are equal.
The question as to where the gages should be mounted on the
plate
received some consideration. Tvo possibilities were present:
1. On the free surface facing the wheel.
2. On the surface facing the rubber pads.
If the loading is pure bending, the strains will be
of equal magni-
tudes but of opposite sign on the two sides. However,
the wheel tread
will be in direct contact with the plate and thus
some contact strain
snould be expected.
By conducting a simple test, the effect of
contact strain was found
to be negligible. This was investigated by
placing the plate on a com-
pletely rigid foundation and by pushing the
car slowly over it in such a
kk
manner that the wheel came in direct contact with the gages. Ho deter-
minable strain was detected and hence it was concluded that the major
portion of the strain was due to bending. The gages were therefore
allowed to face the foundation since in this position they were better
protected from damage. An additional experiment was performed at the
test site (Indiana State Highway Commission Research and Training Center,
West Lafayette, Indiana) in which the test vehicle was moved slowly over
the plate which had gages mounted on both sides. The results are shown
in Figure 3.2. As can be seen, the strains, shown as functions of time,
are of opposite sign, but the magnitudes are equal. The reason for the
difference in the width just underneath the maximum peaks is due to dif-
ferent vehicle velocities.
As mentioned above, the tests involving a moving vehicle on the
simulated pavement were all conducted at a selected test site. A hole of
approximately the same size as the pavement model was dug in an asphalt
coated flexible road. Into this hole the model was carefully placed so
as to provide a smooth connection with the surrounding pavement in order
to minimize undesired vehicle motions and tire forces. Figures 3. 3a and b
show respectively a side and an end view of the pavement model mounted in
a section of existing pavement.
An eight inch thick, concrete slab was poured into the bottom of the
hole to give a rigid support to the entire pavement model. A layer of
one inch thick plywood plates, shown in the same figures, was nailed to-
gether and could hence be considered as a rigid unit. Their purpose was
mainly to provide additional space for a parameter study. If the stiff-


















































Six bolts located on the sides and extending from the top of the
plate down into the concrete, were placed as shown to prevent the system
from moving under the vehicle at hign velocities. The nuts on the top
were not tigntened in such a manner as to put any stress in the plate.
This model can then be used to simulate either a rigid or a flexible
pavement. A thick layer of rubber pads (which would result in a lower
modulus for the foundation; together witn a relative rigid steel plate
on top, would cnaracterize the rigid pavement, a higher modulus of foun-
dation (two or three rubber pads) and a more flexible steel plate would
represent the flexible pavement.
As previously mentionea, the strain can be measured by using bonded
strain gages. In order to produce an output proportional to the change
in resistance, a stable source of excitation is needed. Two circuit
arrangements are usually used for this purpose.
1. The simple voltage-dividing potentiometer or ballast circuit.
2. The Wheatstone bridge.
The Wheatstone bridge is used to a great extent for connecting pas-
sive transducers to associated equipment in making a measuring system. A
resistance bridge arrangement is particularly convenient for use with
strain gages because it may be easily adjusted to null for zero strain.
At the same time it provides means for effectively reducing or eliminat-
ing temperature effects.
The output voltage of a strain gage is usually from 10 to 1000 micro-
volts for common applications. In order to record the output signal,
some form of electrical amplification is necessary. Thus, a stable
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source of excitation and suitable amplification of the output signal are
of primary importance in selecting the nature of the electrical instru-
mentation system which can be used satisfactorily with the resistance
strain gage.
For this application an Ellis Bridge Amplifier, model BAM-1 was se-
lected. One favorable characteristic of this instrument is that it is
battery powered and transistorized for portability. The BAM-1 consists
of a DC powered bridge -circuit , DC transistor amplifier, static output
meter and static and dynamic output connections. It has provisions for
employing one, two, or four active strain gages in the bridge circuit,
ana is equipped with a calibrated balancing slide wire for accurate null-
balance operation.
By applying a load of 1000 lbs (approximately one quarter of the
weight of the test vehicle) and by using equation 2.10, the maximum strain
underneath the tire tread was found to be in the range of 200 to U00 ue
(micro inches/inch) depending on the stiffness of the foundation. Strains
of these magnitudes can easily be recorded by use of strain gages.
An optimum sensitive system was wanted in order to obtain high
quality strain readings when the vehicle wheel was located some distance
away from the gage locations.
Based on elementary strain gage theory it was decided initially to
use four gages, set up in such a manner that all strains would be added
and temperature compensation would be present. Figure 3.** shows the
gage locations and Figure 3.5 shows how the gages were connected in a
Wneatstone bridge. ^




C & D ARE ACTIVE GAGES
A & B ARE "DUMMY" GAGES
FIG. 3.5 ARRANGEMENT AND CONNECTION OF STRAIN GAGES
IN A WHEATSTONE BRIDGE
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results under almost identical operating conditions. The reason for this
was due to the fact that the system was too sensitive to strain in the
transverse direction of the plate. If the wheel followed a path as little
as one half inch away from the center line of the plate in the longitudin-
al direction, the strain reading would be very different from the strain
measured when the vehicle followed the true center line. This difficulty
was traced to gages A and B which measured the transverse strain as indi-
cated in Figure 3.**. This was corrected by using two dummy gages, mounted
to the same type of material as the steel plate and placed in the same
environment as gages C and D. Under these conditions longitudinal strain
is the only type of strain being measured and the assumption that the
steel plate could be considered as a beam will be satisfied. At the same
time, the system will be temperature compensated.
Under these conditions the system had less sensitivity but a higher
gain amplifier was used to compensate for this loss. A Sanborn model 320
Dual channel DC Amplifier chart recorder, which had reliable sensitivity
down to h millivolt was used together with the Ellis bridge. With this
equipment a permanent record of the strain output could be obtained.
In order to determine the location of the wheel of the vehicle on
the pavement model from the strain gage record, a timing switch was placed
at the joint between the pavement model and the pavement. When the ve-
hicle wheei reached the beginning of the pavement model, an instantaneous
voltage was recorded on one of the recorder channels. Thus, knowing the
vehicle velocity and the speed of the recording paper, the location of
the wheel on the plate and the corresponding recorded strain could be
referenced.
The calibration factor for any type of resistance transducer can be
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obtained either by direct calibration such as by applying a known load
or by computations from given conditions. For this installation the
latter method was easier to apply. The gage factor and the resistance
of the SR-i* gages supplied by the manufacturer are used in the calibra-
tion procedure by applying the following formula:
^F -
liage resistance igage C) Calibration setting [micro in
Gage Factor dumber of working arms
[
in
Where in this case:
Gage factor = 1.93
Gage resistance = 120 Ohms
Number of working arms = 2
Calibration setting = 10
Inserting this into the equation above yields:
pf - (120) (20) ir -o _ . . . ..CF = —ri—-r-T\
—
/ v 10 = 303 micro incnes/incn
When the Ellis bridge has been calibrated, strain can be read di-
rectly from the meter. When dynamical strains are to be recorded such as
in this case, a chart recorder is more convenient. By applying a static
load on tne model and then simultaneously taking readings on both the
Ellis Bridge and the chart recorder, one can obtain the relationship be-
tween these two values. The strain is read directly from the Ellis Bridge
while at the same time a certain voltage output will appear on the recorder.
These two values represent the same strain, hence one can say that:
P volts (recorder) = Q ue(Ellis Bridge)
where
:
P = Voltage output from chart recorder
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Q = Known strain magnitude in ye from the Ellis Bridge
Thus:
1 volt = |
It is assumed tnat this relationship is valid for dynamic tests even
though it was obtained statically.
Previous work performed oy other research groups (5, 10, 13) has
shown that vehicle velocity, tire pressure, pavement roughness, and
other factors influence pavement stresses. Therefore it is of interest
to test the simulated pavement model to see if the same trends exist here
as are present in the highway. In order to do this a series of tests
were devised. These are discussed in the next chapter.
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CHAPTER k
PRESENTATION AND DISCUSSION OF RESULTS
In this investigation a study was made of the surface stresses
and
strains in a simulated highway pavement. Factors influencing surface
strain are numerous and some of them can be controlled while others
can
not. Vehicle velocity, which most people want to keep as high as
pos-
sible, is considered as a controllable factor as well as the tire
infla-
tion pressure. In these tests vehicle velocity, tire inflation
pressure
and pavement roughness were varied and the resulting effects on
pavement
strain in the pavement model were measured.
The tests were conducted at the test site at the Indiana
State High-
way Commission Research and Training Center, West Lafayette,
Indiana, and
the cooperation of this organization greatly facilitated
this effort.
Parameters for the pavement model were selected so as to
provide a
simulated pavement that would be relatively sensitive to
changes in the
dynamic tire force. The resulting simulation closely
approximated the
behavior of a flexible pavement. A typical strain output
from the pave-
ment model is shown in Figure H.l. The short length
of record and the
strain reversal representing the tensile strain in
the pavement model
could characterize an asphalt cement coated road on
a warm day.
This type of output was typical for all tests
conducted. The ten-
sile strain in front of and behind the wheel on



























due to the flexible foundation. Physically this may be considered as a
wave of strain travelling through the pavement in front and behind the
wheel and moving with the same velocity as the vehicle. By analyzing the
differential equation describing the deflection of the model, one can see
that its solution is in the form of a damped sinusoidal wave (equation
2.6).
The creation of the waveform shown in Figure k .1 can be explained as
follows. When the vehicle wheel first reaches the pavement model vir-
tually no strain is detected. As the wheel moves closer to the gage lo-
cations, some of the characteristic tensile overshoot appears. At the
time the wheel is about five to six inches away from the gages, the strain
reverses and the compression, always present underneath the tire, will
appear. When the wheel has passed the gages and is five to six inches
away from them, tensile strain is again detected. The second image of
the described event is created when the rear tire of the vehicle passes
over the model.
It should be mentioned that the wheel base of the test vehicle was
longer than the pavement model. Thus only one wheel could be on the
model as the vehicle progresses over it.
A valuable characteristic that the pavement model possesses is the
fact that the strain in front of and behind the point of load application
can be determined when the model has been calibrated.
The calibration procedure was performed as follows . The vehicle
wheel was placed at known distances from the gages on the pavement model
and the corresponding strain was recorded. Figure k .2 illustrates the
results. As a comparison, a strain curve is plotted for a flotation
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1000 LB TEST VEHICLE LOAD ON
THE PAVEMENT MODEL
5 10 15
DISTANCE FROM GAGE TO LOAD (IN)
20
FIG. 4.2 CALIBRATION STRAIN CURVES FOR PAVEMENT MODEL
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flexible road. In this test (which was performed by a research group in
California (3) ) the gages were mounted directly on the pavement surface.
The two strain curves have the same characteristic shape. Since the
flotation tire carries six times the load and has a larger contact sur-
face than the tires of the test vehicle used in this investigation, the
wave form will be longer and the strain magnitudes higher. The third
plot on the same figure represents a 1000 lbs concentrated load applied
directly above the gages on the pavement model. This is a theoretically
obtained curve, calculated by using the same stiffness as the model. In
this case the compressive strain just underneath the point load is higher
than that produced by the test vehicle and the wave form is shorter. This
is due to the larger contact area (the area between the pavement model
and the tire) of the test vehicle.
The encouraging results obtained by the calibration test proved the
feasibility of the pavement model.
Of great interest is the relationship between the dynamic tire forces
and the vehicle speed. Tests were conducted in which the vehicle was
driven at different velocities across the pavement model. Figure U.3
shows the results. Unfortunately, the nature of the test site was such
that it only allowed a maximum speed of 35 mph and thus high dynamic tire
forces could not be expected. However, Figure h .3 shows that the strain
in the pavement increased as the vehicle velocity increased.
If a linear relationship is assumed between dynamic tire force and
the corresponding maximum compressive strain (Figure U .k) , a curve of
dynamic tire force versus vehicle velocity can be constructed using






















FIG. A. A RELATIONSHIP BETWEEN TIRE FORCE
AND PAVEMENT STRAIN
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than those computed using the quarter vehicle model. Moreover, these
forces are also less than corresponding forces measured by Wilson (10)
.
The results of the quarter vehicle simulation (Chapter 2) indicate
an increase in maximum tire force by a factor of 1.8 in the velocity-
range from to 35 mph and by a factor of 3.8 in the range from to 80
mph. (Figure 2.11).
The experiment performed by Wilson at Purdue University (10) indi-
cate that the dynamic tire force increased by a factor of 2.h in the
velocity range from 30 to 60 mph. In these tests the tire force was
measured by the aid of a pressure transducer connected to the vehicle
tire.
Even though the test site prevented tests in the velocity range
where the relationship between tire force and vehicle velocity seems to
increase more rapidly (from 35 mph and up) one will have to assume from
the obtained data that the relationship between tire force and pavement
strain is not linear. The quarter vehicle simulation and the pressure
measurements indicate higher tire forces than those computed from pave-
ment model strain values, when vehicle velocity is increased.
This may be due to tire enveloping effects. At higher tire forces
the contact area between the tire tread and the pavement model will be
larger than for lower forces. These tests indicate that the relationship
between pavement strain and dynamic tire force is similar to that shown
in Figure k .k . This effect was clearly demonstrated by a simple experi-
ment.
' The test vehicle was run several times over the pavement model at
constant velocity. The tire pressure was for each run varied in the
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range of 20 to 55 psi. The results are shown in Figure U.5. A reason-
ably linear relationship exists between pavement strain and tire pres-
sure in the given pressure range.
A similar study was performed by using the simulated quarter ve-
hicle model (Chapter 2). In this study the tire force was computed for
different tire pressures using a constant vehicle velocity. The results
shown in Figure 2.12 indicate that the tire force increases at a lower
rate than does the corresponding pavement strain.
Records of tire force versus tire pressure, available from tire
pressure measurement tests (6, 13) indicate the same trend. Dynamic
tire forces seem to increase at a lower rate than pavement strain for
increasing tire pressure.
However, the three different methods all indicate that higher tire
pressures cause increased tire force and pavement strain.
Of interest also was the magnitude of the strain present in the
pavement model when bumps were placed in the wheel path of the test ve-
hicle. In such cases high dynamic forces should be present at the wheel
and on the pavement.
Certain difficulties were encountered when tests of this type were
conducted. The bumps were of such nature that they caused the vehicle
wheel to separate from the pavement model and thus great problems were
encountered in having the tire hit the pavement model at the point where
the gages were mounted. A trial and error technique was employed in
which the bump was moved forwards and backwards in the wheel path after
successive tests. The position in which the vehicle created the great-



















FIG. 4.5 LONGITUDINAL STRAIN FOR CONSTANT VEHICLE VELOCITY
VS TIRE PRESSURE
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maximum tire force on the pavement model at the gage location. Figure
h.6 is an illustration of the nature of the test.
Since the body and the wheel of the vehicle do not have identical
motions, there is no guarantee that the maximum downward force will occur
at the point where the wheel hits the pavement model. The direction of
the interacting forces may be reversed to produce a tire force less than
the maximum value at this point.
Figure k .7 shows the results of the tests. The first tensile strain
peak is obtained when the wheel hits the bump. Then for a short time
the wheel will be in the air until it hits the pavement model just over
the gage location. The high compressive strain illustrates this condi-
tion. The wheel then leaves the model (wheel separation) until it hits
the model again. The second tensile strain peak indicates this happen-
ing.
When the rear wheel hits the bump, the strain record shows that the
rear wheel in turn hits the pavement model some distance in front of the
gage location. This causes the rear wheel to jump over the gages. The
high tensile strains on each side of the relatively low compressive peak
indicates this situation. Pitching motion of the vehicle body can also
result in the absence of the high compressive strain for the rear wheel.
The maximum compressive strain in this experiment is 2.7 times
greater than the static strain at the same point. Based on the observa-
tions made previously, this does not mean that the tire force is 2.7
times higher than the static force. It may likely be larger. However,
it should be kept in mind that the tire pressure in this test was 55 psi.




























HITS BUMP SECOND WHEEL HITS
BUMP
LEGEND:
TIRE PRESSURE = 55 PSI
VEHICLE VELOCITY = 35 MPH
FIG. 4.7 STRAIN RECORD FROM BUMP TEST (BUMP IS 2 5 INCHES
AWAY FROM GAGES PLACED ON THE PAVEMENT MODEL)
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had been 25 psi as it was in the calibration experiment.
A similar test was performed with the bump in the other wheel path.
In order to get the maximum tire force just above the gage location, the
bump had to be placed 5 inches in front of the gages. In this case the
tilting action of the vehicle caused the excessive strain in the pavement
model. The output is shown in Figure k.8. The pavement strains are of
lower magnitudes than those obtained when the bump was placed on the
pavement model itself. In this case the rear wheel created a greater
tire force than the front wheel. This may be due to pitching motion in
the vehicle body, created when the first wheel hit the bump.
It would have been of great interest if tire force measurements
could have been taken simultaneously with the strain readings when ex-
periments were conducted with the bumps. However, time and resources did
not make this possible. Such records would permit a more meaningful
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FIG. 4. 8 STRAIN RECORDS OF BUMP TEST (BUMP 5 INCHES
AWAY FROM GAGES, LOCATED IN THE WHEEL PATH




In this investigation the research effort was divided between two
studies. The first study was to simulate a vehicle theoretically and to
use this simulated vehicle model to predict the tire forces that could
be expected under different operating conditions on the highway. The
second study involved the experimental measurement of pavement strain
under actual dynamic vehicle loads.
The conditions of most concern in the first study were vehicle ve-
locity and tire pressure. A highway profile defined by a displaced co-
sine function was given to the tire of the vehicle. For each specific
run, the tire force was computed as a function of time and the maximum
tire force was observed. This investigation led to the following con-
clusions :
1. The dynamic tire force increases when the vehicle velocity is
increased. The rate of increase for the conditions used in
this simulation is higher for velocities larger than 35 mph than
below this value.
2. If the vehicle velocity is kept constant, the dynamic tire force
increases slightly as the tire pressure is increased.
3. A rougher highway profile to the simulated model causes higher
tire forces.
It should be noted that the results from this investigation are not
actual values that could be expected from the vehicle which was simulated
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under actual pavement conditions. Several assumptions such as linear
suspension elements and no tire enveloping effects restrict the accuracy
of the calculations. However, the results are consistent in the sense
that they are relative and therefore they indicate under which conditions
high tire forces could be expected.
The second part of the study involved the experimental measurement
of pavement strain which is of great concern in the design and mainten-
ance of highways. As previously described, a pavement model was built
and tested for such strains. A test vehicle (1967 model Chevrolet BelAir
sedan) was driven across the pavement model under such conditions as to
generate high tire forces. The results of this investigation permitted
the following conclusions:
1. An effective highway pavement can be closely simulated by a
steel beam on an elastic foundation. The pavement deflection
curve can be the design criterion for such a model. The de-
flection curve can be controlled by the overall stiffness
of the model. Thus a flexible pavement can be simulated by
having a relative stiff foundation and a more flexible steel
beam. A rigid pavement would be obtained by using a softer
foundation and a more rigid steel beam. Such models simulated
with reasonable accuracy the longitudinal strains present
in an actual highway.
2. Pavement strain increases rapidly with increased tire pressure.
This is due to the decreasing contact area between the tire
and the pavement model.
3. Pavement strain increases as the roughness of the pavement
in the wheel paths increases.
h. No linear relationship exists between tire force and pavement
strain. The rate of increase of tire force to pavement strain
is higher for higher values of strain than for lower values.
This is concluded to be due to tire enveloping effects.
5. In general, tire force increases with vehicle velocity. How-
ever, for the maximum possible velocities in these tests no
large increase in pavement strain was observed, even though
this trend was indicated in the permitted speed range.
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A further study by the use of the simulated pavement model is re-
commended. The use of a long runway to permit high vehicle velocities
across the pavement model shouf d be employed to obtain results for higher
vehicle velocities.
Furthermore, simultaneous aeasurement of tire pressure and pave-
ment strain is recommended, especially in bump tests. In such a way the
relationship between tire force and pavement strain can be exactly deter-
mined for every desirable value of tire pressure.
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